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SUMMARY  

The construction industry is currently in a process of increased automation and digitization 

which has an impact on all phases of a building's lifetime, including design, fabrication, assem-

bly, and maintenance. The goal of this innovation is to primarily boost productivity and enhance 

sustainability. Achieving these goals requires geometrical information about the fabricated ob-

jects, first to check for discrepancies between the as-built state and the design one, and second 

to assess changes over time. Point-cloud based methods, augmented with traditional geodetic 

metrology are well suited to provide the necessary information. In the current phase of the de-

velopment, monitoring is particularly relevant because it is necessary to assess the readiness of 

the innovative fabrication techniques to be adopted by the industry and to assure safety to the 

users despite the limited experience with the construction processes, designs, and materials 

used. 

Herein we present the geodetic monitoring of three digitally fabricated structures during the 

early phase after construction, along with the specific challenges and the chosen solutions. The 

structures are parts of a real building designed and built within the National Centre of Compe-

tence in Research Digital Fabrication (NCCR dfab) at ETH Zürich. Concretely, they comprise 

(i) a curved wall realized by robotically spraying concrete onto a wire mesh previously built in-

situ by a robot; (ii) an ultra-thin curved ceiling created using 3D printed formworks, and (iii) a 

robotically cut and assembled timber beam construction.  

Terrestrial laser scanners (TLSs) and a laser tracker (LT) with a hand-guided triangulation scan-

ner were used. The presented deformation analysis consists of point-wise coordinate compari-

sons within a network, of a cloud-to-mesh (C2M) comparison of pairs of point clouds, and of a 

hybrid approach denoted as virtual monitoring points (VMP) approach herein, i.e. point-wise 

analysis derived from the independent registration of small patches of point clouds. The latter 

is particularly useful for monitoring of structures with salient surface structures where high 

accuracy is needed but no markers may be applied. 

The analyses showed that the structures produced using the 3D printed formwork agree with 

the plan to within 1.5 cm (maximum C2M deviations). The concrete and the timber structures 

showed maximum changes of a few mm over the time span of seven months. Using the point-

wise LT measurements we found an agreement of deformation patterns with temperature for 

the curved ceiling.  
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1. INTRODUCTION 

The construction industry is currently undergoing major changes due to automation and digiti-

zation in all phases of a building's lifetime. The modernization of construction processes has an 

effect on design, fabrication, assembly, and maintenance of buildings (Renz et al., 2016). The 

goal of this innovation is to boost productivity, enhance sustainability, and maintain a high level 

of resilience (Giftthaler et al., 2017). Achieving these goals requires geometrical information 

about the fabricated objects and their changes over time with sufficient spatio-temporal cover-

age, resolution, and accuracy. Digital fabrication is now at the transition from highly controlled 

lab environments to real world application, and requires the design, planning, and realization 

of measurement systems with the appropriate technical characteristics and connection to a well-

defined reference frame. 

Herein we report about measurement solutions and results from network- and point-cloud-based 

monitoring of selected digitally fabricated elements installed within a building (DFAB House) 

in Dübendorf, Switzerland. These elements and the underlying fabrication processes have been 

developed within the National Centre of Competence in Research: Digital Fabrication (NCCR 

dfab), an interdisciplinary collaboration involving, among others, architecture, civil engineer-

ing, robotics and geodetic engineering. The goals of the monitoring activity were to (i) assess 

the technological readiness of the respective fabrication processes, (ii) provide data for model 

and fabrication process adaptations, (iii) enable early detection of potential need for interven-

tion, and (iv) assure safety for the users of the building.  

 

Figure 1: The monitored structures. 

The following structures (see Figure 1) have been monitored: 

• MeshMould (Hack et al., 2017), an S-shaped wall realized by robotically spraying 

concrete onto a wire mesh previously built in-situ by a robot 

• SmartSlab (Meibodi et al., 2018), an ultra-thin curved ceiling, created from 11 seg-

ments, prefabricated using 3D printed formworks, assembled on site using post-

tension cables and resting on top of MeshMould 

• timber frame (Toma et al., 2018), a robotically cut and assembled timber beam con-

struction which rests directly on top of SmartSlab and MeshMould 

 SmartSlab 

 MeshMould 
 Timber frame 
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For all these structures, the deviations of the as-built state from the designed state and changes 

over time had to be determined. Particular challenges for the monitoring over time were the 

missing knowledge about the magnitude and location of the expected deformations, the absence 

of parts known to be stable, and the very limited permission to establish point markers for the 

duration of the project. We have chosen to cope with these challenges by using very high accu-

racy geodetic network measurements with a laser tracker (LT) and 3D laser scanning with ter-

restrial laser scanners (TLSs) as basis for the monitoring which was carried out over a duration 

of seven months starting shortly after construction. Laser scans obtained within the first month 

after the installation of the respective structures were used to assess the deviations from the 

design resulting from the fabrication process, transport, and assembly.  

The remainder of the paper is structured as follows: section 2 contains a brief general overview 

of the applied monitoring methods; the data acquisition, including used instruments and meas-

urement setups, is presented in section 3, and we discuss the results in section 4. The paper 

concludes with a short summary. 

2. DEFORMATION MONITORING  

Geodetic monitoring is one of the key tasks of engineering geodesy, and its goal is to perform 

a statistically corroborated identification and quantification of geometric changes (Kuhlmann 

et al., 2014). Depending on the application and the desired outcomes, the monitoring can be 

performed using point-wise or areal measurements. We apply both approaches in this paper. 

Network measurements using a LT provide highly accurate point-wise information, and 3D 

laser scanning yields less accurate but areal information; the two are thus complementary. For 

economic and technical reasons these solutions are primarily suited for epoch-wise rather than 

temporally continuous measurements, therefore we acquire the state of the structures herein at 

discrete epochs and analyse the changes between pairs of epochs.  

The selection of appropriate time intervals between the measurement epochs requires 

knowledge of the motion pattern of the object of interest in terms of magnitudes, periodicity, 

etc. (Heunecke et al., 2013). This hold for all epoch-wise monitoring methods. Herein, there 

was only limited knowledge about the deformation patterns to be expected, which would sug-

gest to start with short time intervals and possibly adapt them over time. However, since the 

main goals were here on quantifying the deviations from the design and relevant changes of 

these deviations were expected to build up only over longer time spans, intervals of several 

weeks were chosen. 

2.1 Network-Based Deformation Monitoring 

Network-based deformation monitoring is a very well established approach, see e.g. Pelzer 

(1979), Niemeier (1985), Caspary (2000), Heunecke et al. (2013). If it is carried out according 

to the method of strict analysis within a congruency model, it is particularly useful in classifying 

the network points into stable and unstable points and allows the implicit definition of the co-

ordinate system using only the stable points. Herein we could not apply this approach because 

only the SpatialAnalyser (SA) software (NRK, 2020) was available for processing the LT meas-

urements, and it was not possible to connect the measurements inside the building to stable 

reference points inside or outside the building. So the coordinate system was instead defined by 

assuming that a specific subset of the marked points within the building were stable on average; 

the analysis is thus a relative analysis and not an absolute one. 
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2.2 Areal Deformation Monitoring 

Instead of representing an object of interest by a group of carefully selected and marked discrete 

points, the object’s surface can be represented by a point cloud with high spatial resolution, i.e. 

points densely covering the surface (Tsakiri et al., 2006). Deformations can then be quantified 

by analysing point clouds obtained at different times. Such TLS-based monitoring has already 

found widespread application, e.g. for monitoring of dams (Eling, 2009), tunnels (Van Gosliga, 

2006), and bridges (Paffenholz and Wujanz, 2019). An overview about modelling strategies 

and challenges for areal deformation monitoring is given by Neuner et al. (2016), and Wunder-

lich et al. (2016). Established approaches for the calculation of differences between point clouds 

are cloud to cloud (C2C), cloud to mesh (C2M), or mesh to mesh (M2M) comparisons (Barnhart 

and Crosby, 2013). The result is often a deviation map, colour-coded with the magnitudes of 

geometrical differences between the two datasets. 

For the analysis the point clouds need to be transformed into the same coordinate system. This 

so-called registration can be achieved either using special targets placed within the scanned 

scene, or using just the point clouds and transforming them such that the distances between the 

point clouds are minimized. The latter is typically achieved using the iterative closest point 

(ICP) algorithm introduced by Besl and McKay (1992), and Chen and Medioni (1991), or a 

variant thereof. Only stable parts of the point clouds should be used for registration. Friedli and 

Wieser (2016) have presented an approach that identifies stable areas automatically within the 

target-less registration process. 

2.3 Virtual Monitoring Point Approach 

We introduce also a hybrid approach using point cloud data to obtain local, quasi point-wise 

displacements. We denote it as virtual monitoring point (VMP) approach. The underlying idea 

is to select small (source) patches – in the present application case covering only a few cm2 – 

from one of the point clouds to be compared, and calculate the transformation yielding a best 

fit between this patch and the corresponding part in the other point cloud. Any point within the 

source patch can then be selected as VMP, because the transformation parameters allow calcu-

lating the corresponding point in the other point cloud, and thus the displacement between the 

epochs. Herein, we define the source patches manually in one point cloud, use ICP to calculate 

the respective transformation parameters, and we use the centroid (centre of gravity) of each 

patch as the corresponding VMP. A similar approach was also presented by Raffl (2019). How-

ever the authors use full point clouds in that case and do not partition them in smaller patches.  

This approach is especially suitable for monitoring where high precision is required but marking 

points for network (or high precision polar) measurement is not possible. In the present project 

this was the case with SmartSlab. A prerequisite is that the surface has sufficient structure to 

facilitate the patch-wise registration.  

3. DATA ACQUISITION  

The measurements were carried out over the duration of seven months in epochs, approximately 

one-month apart except for one interval which was three months. Table 1 shows the epochs and 

the structures measured respectively. For practical reasons not all structures could be scanned 

at all epochs, and the LT measurements only started in the third epoch.  
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Three of the instruments used for the data acquisition are shown in Figure 2. All instruments 

have been calibrated by the respective manufacturer prior to the start of the monitoring project. 

Indoor temperature values were available for the last three months (see Table 2). More details 

on the techniques, the measurement setup, and environment are given in the following sections. 

Table 1: Measurement epochs and employed techniques. LT = laser tracker; LS = laser scanning. 

 Epoch (date and name) 

Structure (tech-

nique) 

19.12.18 9.1.19 14.4.19 24.4.19 15.5.19 12.6.19 4.7.19 

EP1  EP2 EP3 EP4 EP5 EP6 EP7 

SmartSlab, 

MeshMould (LT) 
  X X X X X 

Timber frame (LT)   X X X X X 

SmartSlab, 

MeshMould (LS) 
X X  X  X X 

Timber frame (LS)     X X X 
 

Table 2: Average indoor air temperature over the five hours prior to the start of the measurements, and temperature differ-

ences between subsequent epochs. No temperature data are available for EP1 and EP2. 

Epoch EP3 EP4 EP5 EP6 EP7 

T [°C] 23.7 26.4 23.5 22.2 26.7 

∆𝑻 [𝑲] / 2.7 -2.9 -1.3 4.5 
 

3.1 Geodetic Network Measurements 

The Leica Absolute Tracker AT960-XR was used together with its accessories, i.e. the Absolute 

Scanner LAS and several reflectors, for the point-wise measurements and the VMP approach. 

The specified accuracy of the LT is 15 µm + 6 µm/m (2σ) per coordinate when it measures to 

reflectors and 60 µm (2σ) when scanning (Leica, 2017a). SA was used to control the acquisition 

process.  

   
Figure 2: LT Leica AT960-XR during measurements (far left), Leica Absolute Scanner LAS during use (left), LS Leica P50 

during scanning process (right), and laser scanning target installed in the SmartSlab module (far right). 

A point measured by the LT is materialized by a target. Two types of spherically mounted retro-

reflectors (SMRs) were used herein, namely reflectors for fixed installations (RFIs) which are 

glass reflectors, and red ring reflectors (RRRs) which are corner cube reflectors (CCRs). The 

RFIs are specially designed for network measurements. They are usually mounted directly onto 

the measuring object using hot glue without any special centering. The CCRs, on the other 
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hand, are moved between points. Herein we used them for inter-epoch registration by placing 

them temporarily in reflector holders, which were fixed to the structure. In our case, this was 

done at horizontal surfaces such that only a strong double-sided tape was needed for fixing the 

reflector holders. In total, there were 20 RFIs (point IDs O) and four reflector holders (point 

IDs P) for four CCRs, mounted on the SmartSlab and timber frame structures quasi perma-

nently, i.e. for the duration of the monitoring project (see Figure 3). 

Since SmartSlab and timber frame are on different floors, the assembly of points represents  

two separate networks, namely the SmartSlab and the timber frame network, each with its own 

local coordinate system. The origin of the coordinate system is in both cases placed in a corner 

of the room, and the coordinate axes are oriented as shown in the figures. Figure 3 also shows 

the LT locations S1, S2, and S3 and the lines of sight between the LT and the monitoring points. 

Four RFIs (O3, O6, O9, and O12) in the SmartSlab network are attached to the top of 

MeshMould (S-shape in the figure). We considered them stable on average and used them for 

establishing the coordinate system for the point-wise analysis. All other RFIs in this network 

are attached to the ceiling and are considered instable object points. In the timber frame net-

work, all RFIs except O21 and O22 lie on top of horizontal beams, see also Figure 4.  

  
Figure 3: Lines of sight between the LT and the network points for SmartSlab (left) and timber frame (right) measurements. 

The signal propagation through glass in the case of the RFIs introduces systematic deviations 

of the calculated coordinates because of the beam deflection at the air-glass interface. The effect 

depends on the angle of incidence and is negligible for deformation monitoring if the relative 

location orientation between tracker and reflector hardly changes over time. No such effect 

occurs for the CCRs. The effect for reflectors at the distance of 2 m (the closest point in the 

network) is negligible, if the instrument is positioned at the same locations in each epoch within 

a centimetre; it is even less for greater distances. Consequently, we paid attention to positioning 

the tracker at the same location and instrument height for each epoch within that accuracy, 

which increased the effort for the field work but was feasible. 

The network acquisition process took about two hours, excluding the prior warm-up of the in-

strument, which lasts three hours. The warm-up is necessary in order to homogenize the tem-

perature within the instrument and thus reach the specified accuracy. 
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Figure 4: Timber frame network point locations. 

3.2 Laser Scanning 

Two laser scanners, a Z+F Imager 5016 and a Leica P50, were used to scan the structures. They 

have similar accuracy specifications with range noise below 1.2 mm (2σ) (Leica, 2017b; Z+F, 

2017) and negligible angular noise for the present distances of up to about 8 m.  Using different 

scanners was necessary because of the scanner availability. At each epoch only one of the scan-

ners was used. A total of 13 scanning locations for SmartSlab and four for timber frame were 

needed per epoch. The acquisition process took about three hours per epoch with the chosen 

scan settings (highest quality and normal resolution, i.e. average point spacing of 3.1 mm at 10 

m). The instrument setup locations were repeated within a few dm in each of the epochs.  

Paper black and white checkerboard targets were placed in the scanned areas for the inter- and 

intra-epoch registrations. In both SmartSlab and timber frame, four of them were placed quasi 

permanently (for the duration of the monitoring project, see Figure 2) and another 20 of them 

temporarily (removed after each epoch). The need for so many targets was due to several ob-

structions impairing the overlap between scans from different setups. We placed the targets on 

the floor and at various heights on the walls to strengthen the geometric configuration for the 

registration. The inter-epoch registrations have been conducted using scanner proprietary soft-

ware with all the available targets within each scene. This yielded a registration accuracy of 

about 2 mm (2σ, as reported by the software). ICP-based, i.e. target-less, intra-epoch registra-

tion did not yield sufficiently accurate results in this setting. The reason is the combination of 

nearly feature-less areas, little overlap between the scans, and significant point-cloud differ-

ences in the overlapping regions due to mixed pixels and obstructions resulting from the many 

edges of the SmartSlab. On the other hand, for the inter-epoch registration, the permanently 

mounted TLS targets were found not to be stable enough whereas ICP-base registration using 

the floor and the S-shaped MeshMould structure worked well. 

Small areas of the SmartSlab surface were also scanned using the Absolute Scanner LAS, which 

is a hand-guided triangulation scanner tracked by the LT. The resulting points have a very high 

point density (acquisition with 150'000 points / sec), sub-mm accuracy, and are georeferenced 

with respect to the LT. These data were intended for use with the VMP approach. 

4. RESULTS 

4.1 Network Data 

The coordinates of the network points were estimated independently for each epoch using SA. 

The coordinate system was thereby defined by points considered stable on average, i.e. points 
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O3, O6, O9, and O12 for the SmartSlab network and points P21, P22, P23, and P24 for timber 

frame. After transformation of the network onto these reference points, the deformation analysis 

consisted in the calculation of the coordinate differences between subsequent epochs, their vis-

ualization, and assessment. The displacement vectors are shown in Figure 5 and Figure 8, for 

SmartSlab and timber frame respectively, and separately for the horizontal and the vertical 

components.  

The maximum recorded displacements between subsequent epochs in the SmartSlab network 

are 0.35 mm for the horizontal components (O11) and 0.37 mm for the vertical ones (O1), both 

between EP4 and EP5. These two points are located in the part of the structure that is the most 

exposed to the exterior, as it is surrounded by windows. 

In general, the biggest horizontal movements occurred among point groups O1 – O4 and 

O11 – O14. For the duration of the monitoring project, the maximum horizontal displacements 

of the network points (between any two epochs) were 0.35 mm (for O11 and epochs EP4 and 

EP5). The pattern shows that these two groups of points either moved away from or close to 

each other during the same time periods. This can be interpreted to a large degree by thermal 

expansion, as will be further corroborated using an analysis of the distances between the net-

work points. The height displacements, are predominantly in a downward direction indicating 

a settling of the ceiling relative to the top of MeshMould (reference points). The maximum 

vertical displacements found over the duration of the project were 0.38 mm (for O1 and epochs 

EP4 and EP5). 

  
Figure 5: Horizontal (left) and vertical (right) displacement vectors for the SmartSlab network points. 

In order to better understand the potential dependence of the SmartSlab deformations in relation 

to temperature, 3D distances for all point pairs within each epoch were computed and then 

analysed over time. As an example the pair-wise distances are shown in Figure 6 (left), and the 

scale values calculated from these distances and the distance changes between epochs are 

shown in Figure 6 (right) for each pair of points between EP1 and EP3, as an example. The 

figure already indicates a fairly consistent scale of about -35 ppm for the longer distances; with 

short distances, the scale estimation is affected more by measurement noise and should thus be 

interpreted only with care. 

The scale change values for each epoch in relation to EP1 are shown in Figure 7 as a function 

of the temperature changes relative to EP1. Linear regression taking only point pairs with a 

distance greater than 4 m into account indicates a scale of approximately 19 ppm/K. While the 

value does not strictly correspond to the typically assumed 10-13 ppm/K of concrete, it still 
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indicates a thermal expansion of SmartSlab resulting in sub-mm changes of the dimensions. 

Further investigations are necessary to clarify which other factors affect the structure beyond 

the temperature changes. 

  

Figure 6: Pair-wise distances (left) and scale (right) changes in between epochs EP1 and EP3 (SmartSlab network). 

 

Figure 7: A linear relation of temperature change vs. scale change using distances longer than 4 m from all four epoch da-

tasets (SmartSlab network).  

The timber frame network point displacements are bigger than those observed in the SmartSlab 

network. Horizontal displacements were the biggest at point O25, which moved about 0.93 mm 

between epochs EP6 and EP7. Its height changed by 0.41 mm between the same epochs. The 

reason could be the impact of external environmental changes since this point is located on the 

outer wall of the structure. As opposed to the SmartSlab network the coordinate changes within 

timber frame do not show a clear and easily interpretable pattern, although points O21, O23, 

O24, and P23 exhibit a similar pattern of apparently almost circular movement. Again the pat-

terns are likely related to changes of environmental parameters, in this case probably primarily 

humidity. However, a more in depth interpretation requires structural expertise and tools for 

modelling the geometrically complex timber structure.  
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Figure 8: Horizontal (left) and vertical (right) displacement vectors for timber frame network points. 

4.2 Point Cloud Data 

The TLS point clouds facilitated the comparison of the as-built state to the designed state (CAD 

model) of the SmartSlab. The C2M deviations are shown in Figure 9 (left). The shown devia-

tions result from deviations during segment fabrication (e.g. potentially deviations of the form-

work assembly), but also deviations resulting from the on-site assembly of the ceiling, the post-

tensioning contributions and from concrete creeping. Positive values of deviations correspond 

to the as-built state being higher than the planned, while the blue areas indicate vice versa. A 

discontinuity of the deviation pattern between distinct segments can be seen in several cases, 

e.g. between segments 5 and 6. The maximum differences are on the level of ±1 cm.   

The displacement map of SmartSlab generated when comparing EP1 and EP7 in the vertical 

direction is shown in Figure 9 (right). These two epochs were chosen to be included in this 

paper since they are timely the farthest apart and show the largest changes. The deformations 

over the period of about seven months are on the level of a few mm, mostly below 4 mm. The 

maximum negative displacement , indicating settling, is seen on the very left and very right 

parts of the structure. Since the support of SmartSlab is only in the middle of it, i.e. by the 

MeshMould, the observed behaviour qualitatively fits the expectations. There are also parts that 

have slightly increased in height, i.e. middle of the structure between 2 mm and 3.5 mm. This 

behaviour cannot be explained without better understanding of the structure itself.  

 
Figure 9: Deviation map when comparing the CAD model (provided by ITA, ETH) with EP1 with segment numbers (left) 

and displacement map of SmartSlab generated after comparing two epochs seven months apart (right). 

Displacement maps for the timber frame structure are shown in Figure 10. We conclude that 

there were no significant vertical changes over the period of two months (i.e., the period over 
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which scans of the timber frame were possible) which could be detected using TLS. All the 

displacements occur within ±1.2 mm and are thus at or even below the scanner’s noise level. 

Concerning the outer wall, it can be observed that there are areas which reach inwards displace-

ments of up to 1.5 mm. The opposite behaviour can be observed for the inner wall, where out-

ward displacements of about 1.5 mm have been recorded. This is especially visible for the flat 

panels behind the timber beams; an analysis of the relative deformations of the timber beams 

and these panels has not yet been carried out. No particular differences can be seen between 

individual modules of the timber frame, indicating the whole structure behaves quite uniformly. 

For both cases, SmartSlab and timber frame, the results selected for display herein are repre-

sentative of all pair-wise analyses carried out.  

     
Figure 10: Displacement maps of timber frame when comparing EP5 and EP7 ceiling (left), outer (centre), and inner wall (left).  

4.3 Virtual Monitoring Point Data 

Due to a technical problem, the data originally collected on site for the VMP approach could 

not be analysed. Instead, the feasibility of the approach was briefly investigated in a separate 

experiment using a sample of a separately fabricated part of the SmartSlab structure (see Figure 

11). This also allowed introducing significant displacement and providing ground truth for com-

parison: three reflectors were attached to the sample such that they could be measured with 

superordinate accuracy using the tracker. 

Using SA the sample was scanned twice with a rigid movement of the entire sample in between. 

The transformation matrix modelling the rigid body movement was obtained from standard LT 

measurements to the reflectors. The point clouds C1 and C2 obtained from the two scans were 

then imported into the Geomagic software, where they were uniformly filtered to 0.1 mm. Sev-

eral small patches were cut out of C1 and C2 (see Figure 11), only approximately covering the 

same area. Some of them were selected such that they have unique but diverse local surface 

structure (P1, P2, P3, P4). One mostly planar patch was selected (P7), and two patches (P5, P6) 

have surface geometry somewhere in between. As a first quantitative indication of surface tex-

ture, the RMS values of the points with respect to a best fit plane were computed for each patch. 

These values are given in Table 3. Generally, a higher RMS value suggests higher surface 

roughness; however, the variation of geometry can predominantly occur in one direction only 

thus fixing a degree of freedom in that particular direction, while not in the remaining direc-

tions. So, a high RMS value does not necessarily indicate that a patch is useful for this approach.  

Using Geomagic the patches were independently registered with ICP, and the respective centre 

of gravity of each source patch was used as VMP. Transforming the coordinates of these points 

using the registration result yielded the coordinates in the respective second patch and thus the 
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estimated displacement vectors. The results are visualized in Figure 11 (right), and the devia-

tions of the results from the ground truth are shown in Table 3 for a source patch size of 5x5 

cm2. Smaller patches were also analysed but yielded significantly worse results. 

The results indicate that displacement determination with sub-mm accuracy is possible using 

this approach, and the details visible in Table 3 agree well to the patch selection criteria men-

tioned above. We recognize that typically the uncertainty is lowest perpendicular to the domi-

nant surface within each patch, while the matching fails in case of highly planar patches (P7). 

The accuracy seems to be also limited by the impact of steep edges which likely cause outliers 

within the point clouds or significant apparent changes with slight changes of the data acquisi-

tion geometry. Future research is needed to clarify these issues and identify surface patterns 

suitable for practical application at a larger scale.  

    
Figure 11: A section of the SmartSlab with attached reflectors (left) and displayed computed vectors with patches (right).  
 

Table 3: Differences of patches translations with respect to the ground truth data and RMS of the plane fit to each patch. 

 P1 P2 P3 P4 P5 P6 P7 

Surface RMS [mm]  2.06  1.86  0.86  8.24  4.19  1.46     0.51 

ΔX [mm]  0.85 -0.46  0.50  2.00 -0.93 -1.85  -12.48 

ΔY [mm] -0.15  0.10  0.14 -0.30  0.12  0.17    -1.41 

ΔZ [mm]  0.47  0.18 -0.40 -0.44  3.95  0.51 104.29 

Δ3D [mm]  0.98  0.50  0.66  2.07  4.06  1.93 105.04 
 

5. DISCUSSION 

We presented the chosen solutions and selected results for geodetic monitoring of highly inno-

vative digitally fabricated elements within a real building from shortly after the installation of 

the elements to the early use phase of the building. The elements are a very thin, highly struc-

tured concrete ceiling (SmartSlab), an S-shaped wall consisting of a metal mesh and sprayed 

concrete (MeshMould), and a timber framework (timber frame). Particular challenges were the 

limited knowledge about expected deformations both in terms of spatial and temporal patterns, 

the absence of parts known to be stable on the sub-mm level, and the limited permission to 

mount point markers on the structures to be monitored. 

The solution therefore aimed at determining shape changes rather than displacements or defor-

mations with respect to a fixed (external) reference coordinate system. Furthermore, we chose 

a combination of point-wise measurements using a LT and areal measurements using 3D laser 

scanners. The former allowed obtaining very high accuracy and sensitivity at selected points 

and thus detecting deformations at sub-mm level if they involve the monitoring points; the latter 
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allowed reducing the number of required point markers and obtaining nearly complete spatial 

coverage although with reduced sensitivity (mm-level). 

The analyses show that the SmartSlab agreed with its design to within about 1.5 cm (maximum 

C2M deviations). Changes of less than 4 mm were found over the seven months monitoring 

period. Using the tracker and temperature measurements deformation patterns very likely re-

lated to temperature variations could be identified. MeshMould and timber frame, showed even 

smaller changes over time.  

The VMP approach proposed herein, a hybrid approach combining the ideas of point-wise and 

areal monitoring, was tested in a lab experiment. Using a handheld scanner linked to the LT 

and a sample resembling a part of SmartSlab the applicability of this approach was demon-

strated for detecting mm- or sub-mm level deformations. 

The obtained results are a valuable contribution towards improving the related design and fab-

rication processes and demonstrating their technological readiness. The monitoring solution 

also helped assuring the safety of the structures for the users. Critical changes did not occur but 

would have been detected early enough for intervention. Further research is needed to exploit 

the potential of the VMP approach and possibly include it in the network analysis. This could 

facilitate point-wise measurements with sub-mm precision without markers on the structure. 
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